The cerebral metabolic rate for glucose (CMRgI) and cerebral energy utilization (CEU) were as sessed in immature rats during recovery from cerebral hypoxia-ischemia. CMRgI was determined using a mod ification of the Sokoloff technique with 2-deoxy [ 1 4C]glucose (2-DG) as the radioactive tracer. CEU was determined using the Lowry decapitation technique. Seven-day postnatal rats underwent unilateral common carotid artery ligation, followed 4 h thereafter by expo sure to 8% oxygen at 37°C for 3 h. At 1, 4, or 24 h of recovery, the rat pups underwent those procedures nec essary for the measurement of either CMRgI or CEU. At 1 h of recovery, the CMRgI of the cerebral hemisphere ipsilateral to the carotid artery occlusion was 97% of the control rate (8.7 I-Lmol lOO g-I min-I ) but was only 48%
hemisphere normalized by 4 h of recovery. An inverse correlation between endogenous concentrations of A TP or phosphocreatine and CMRgI in the ipsilateral hemi sphere was apparent at 4 h of recovery. CEU in the ipsi lateral cerebral hemisphere was 64 and 46% of the control (3.47 mmol �Plkglmin) at 1 and 24 h, respectively (p < 0.05) and 77% of the control at 4 h of recovery. CEU in the contralateral hemisphere was unchanged from the control at all measured intervals. Correlation of the alter ations in CMRgI with those in CEU at the same intervals indicated that substrate supply exceeds energy utilization during early recovery from hypoxia-ischemia. The dis crepancy combined with a persistent disruption of the cerebral energy state implies the existence of an uncou pling of mitochondrial oxidative phosphorylation as one mechanism for the occurrence of perinatal hypoxic ischemic brain damage. Key Words: Cerebral energy uti lization-Cerebral metabolic rate for glucose-Hypoxia ischemia-Immature rats.
ischemic perturbations that culminates in brain damage is an "uncoupling of oxidative phosphory lation. " The phenomenon is characterized by an inability of mitochondria to regenerate chemical en ergy in the form of ATP; rather, any energy that is produced via electron transport and oxygen con sumption is dissipated as heat (Siesjo, 1978) . The condition presumably exists in the adult brain sub jected to partial or total ischemia, as shown by a dissociation between ATP formation and oxygen consumption in the intact animal (Kogure et al., 1980) and by an altered respiratory capacity of iso lated mitochondria (Rehncrona et al., 1979; Linn et al., 1987; Sims and Pulsinelli, 1987) .
Investigations from our laboratory suggest that an uncoupling of mitochondrial oxidative phosphor ylation also occurs in the perinatal brain undergoing ischemic injury. In an immature rat model of hyp oxic-ischemic brain damage (Rice et aI., 198 1) , A TP is never replenished during the reperfusion phase (Welsh et aI., 1982; Palmer et aI., 1990a; Yager et aI., 1992) despite normal cerebral blood flow and oxygenation (Mujsce et aI., 1990a) and the availability of reducing equivalents to mitochondria (Yager et aI., 1991) . Confirmation of the existence of uncoupled oxidative phosphorylation requires the determination of the cerebral metabolic rate for oxygen (CMRo2), an impractical measurement in such small laboratory animals (body weight, � 12 g). An alternative approach is to determine the extent of alterations in the rates of cerebral energy utiliza tion (CEU) and glucose consumption perpetuated by the ischemic process. Such measurements pro vide information regarding the relationship between tissue substrate supply and energy demand during the evolution of perinatal hypoxic-ischemic brain damage.
MATERIALS AND METHODS
Pregnant, Wistar rats were purchased from a commer cial breeder (Charles River), housed in individual cages, and fed standard laboratory show ad libidum. Offspring, delivered vaginally, were maintained with their dams un til the day of experimentation.
Induction of hypoxia-ischemia
Individual 7-day postnatal rats from litters averaging S-12 pups were lightly anesthetized with halothane (4% induction, 1% maintenance)/30% oxygenlbalance nitrous oxide, during which the right common carotid artery was identified, separated from contiguous structures, and per manently ligated with 3-0 surgical silk through a midline neck incision (Rice et aI., 1981) . The wound was then closed, and the rat pups allowed to recover with their dams for 3 h, after which they were placed in 500-ml jars (3-4/jar) and exposed to hypoxia with 8% oxygen/92% nitrogen for 3 h. The jars were placed in a 37°C water bath to maintain a constant thermal environment. Unilateral common carotid artery ligation combined with 8% oxygen produces brain damage predominantly in the territory of the middle cerebral artery of the cerebral hemisphere ip silateral to the carotid artery occlusion (Rice et aI., 1981) . Damage does not occur in the contralateral cerebral hemi sphere or in either hemisphere when the animal is ex posed to arterial ligation or hypoxia alone. Therefore, control littermates were maintained in open jars at 37°C for 3 h but were neither ligated nor exposed to hypoxia. All rat pups then were returned to their dams for 1, 4, or 24 h, at which time they underwent measurement of ei ther the cerebral metabolic rate for glucose (CMRg 1 ) or CEU (see beloW). These intervals were chosen because at 1 and 4 h of recovery the concentrations of oxidative and energy metabolites perturbed by hypoxia-ischemia be come relatively stable (Palmer et aI., 1990a; Yager et aI., 1991 Yager et aI., , 1992 , while at 24 h the neuropathologic alterations J Cereb Blood Flow Metab. Vol. 14. No.2. 1994 that occur are well advanced (Rice et aI., 198 1; Mujsce et al., 1990b; Palmer et aI., 1990b) .
Measurement of the CMR g l
The CMRgl was measured with a modification of the Sokoloff technique (Sokoloff et aI., 1977) , using 2-deoxy [U-1 4C]glucose (2-DG) as the radioisotope (Vannucci et aI., 1989; Palmer et aI., 1990a) . ControI 7-day-old rats and those previously rendered hypoxic-ischemic were in jected with 2.5 j.lCi 2-DG (Amersham, Arlington Heights, IL, U.S.A.) s.c., after which two or more animals were decapitated at either 2,5, 10,20,30,45,60,75, or 90 min. Arterialized blood (Lyons et aI., 1987) was collected from the severed neck vessels into heparinized capillary tubes that were centrifuged at 3,000 g for 5 min to separate plasma from red cells. A portion (10 j.ll) of plasma was used to determine glucose concentration on a microglu cose analyzer (Beckman Glucostat), whereas 10 j.ll of the remaining portion was solubilized in 1.0 ml of Soluene-350 (United Technologics Packard, Downers Grove, IL, U.S.A.). After mixing overnight in a mechanical shaker at room temperature, the solution was combined with 9.0 ml of Dimilume-36 (United Technologics Packard). Samples were then counted on a Beckman LS-350 liquid scintilla tion spectrometer (Beckman Instruments, Inc., Fuller ton, CA, U.S.A.) with appropriate internal standards and blanks. Measurement of the glucose (j.lmollml) and 2-DG (dprn/ml) contents in each plasma sample allowed for cal culation of the integrated 2-DG/glucose specific activity (dpm/j.lmol) over 90 min.
The heads of the rat pups killed at 90 min postinjection of 2-DG were immediately «1 s) frozen in liquid nitrogen to stop intermediary metabolism. Each brain was then removed from its skull in a cold box set at -20°C, and portions (60-80 mg) of each cerebral hemisphere in the distribution of the middle cerebral artery were dissected, powdered under liquid nitrogen, and weighed on a mi croanalytical balance. Perchloric acid extracts of each hemisphere then were prepared as previously described (Vannucci and Duffy, 1974) . The solutions were neutral ized to pH 7.0 with 2 M KHC03, a portion (0.5 m!) of which was diluted in 9.5 ml of Dimilume-36 and counted in the scintillation spectrometer. An additional aliquot (20 j.ll) of the extract was assayed for glucose, lactate, ATP, and phosphocreatine (PCr) using specific enzymatic, flu orometric techniques (Lowry and Passonneau, 1972; Vannucci and Duffy, 1974) . The remainder of the neutral ized perchloric acid extract was passed over an ion exchange column, formate form (Biorad Econocolumn, Richmond, CA, U.S.A.). Neutral compounds, including free (nonphosphorylated) 2-DG and glucose, were eluted with 3 ml water, a portion of which (0.5 m!) was diluted in 9.5 ml Dimilume-36 and counted. From the data, the per centage of total 2-DG in brain that was metabolized to 2-DG-6-phosphate (2-DG-6-P) was calculated. The lumped constant (LC) of each rat pup killed at 90 min postinjection of 2-DG was calculated using a nomogram for adult rat brain published by Pardridge et aI. (1982) , which allows calculation of individual LC values deter mined by the concentration of glucose in brain relative to that in plasma. As mentioned previously, we used a modification of the original Sokoloff equation (Sokoloff et aI., 1977) to measure cerebral hemispheric glucose utili zation in immature rat brain by substituting the measured values of the percentage 2-DG metabolized for the rate constants K�, K;, and K; (2-DG) and K1, K2, and K3 (glucose) (Vannucci et ai., 1989; Palmer et ai., 1990a) . Thus,
where C;(T) is the concentration of the tracer in brain at the time T (dpm/g), C; is the concentration of the tracer in plasma (dpm/ml), and Cp is the concentration of glucose in plasma (fLmol/ml).
Measurement of CEU
CEU was measured in separate experiments involving control immature rats and littermates previously rendered hypoxic-ischemic according to the method and recom mendations of Lowry et ai. (1964) . Specifically, rat pups were decapitated and the severed heads maintained at 37°C for either 1 or 2 min and thereafter quick-frozen in liquid nitrogen. Zero-time animals were decapitated di rectly into the coolant. All brain specimens were stored at -80°C from the time of freezing until tissue extraction. Portions of each cerebral hemisphere in the distribution of the middle cerebral artery were dissected at -20°C and powdered under liquid nitrogen. A portion of each pow der (60-80 mg) was weighed and neutralized perchloric acid extracts prepared as previously described (Vannucci and Duffy, 1974) . Concentrations of glucose, lactate, ATP, and PCr were measured fluorometrically with pyr idine nucleotides and appropriate enzymes (Lowry and Passonneau, 1972; Vannucci and Duffy, 1974) .
CEU was determined from the changes in the concen trations of glucose, lactate, and high-energy reserves that occurred during the first 2 min of total cerebral ischemia produced by decapitation (Lowry et ai., 1964) . Since changes in glycogen and ADP during total cerebral isch emia are small in immature rat brain (Duffy et ai., 1975b ), the energy use rate was calculated according to the equa tion of Gatfield et ai. (1966) :
Blood metabolite concentrations
Groups of rat pups separate from those that underwent measurement of CMRgl were used for measurements of blood metabolites. Control rat pups and those recovering for either 1, 4, or 24 h of cerebral hypoxia-ischemia were decapitated, and blood was collected into capillary tubes from the severed neck vessels. An exact aliquot (20 fLl) of blood was diluted 1: 10 in 0.5 perchloric acid and frozen at -70°C for later analysis of glucose, lactate, acetoacetate, and f3-hydroxybutyrate, measured fluorometically with appropriate enzymes (Williamson and Mellanby, 1963; Lowry and Passonneau, 1972; Vannucci and Duffy, 1974) .
Statistical analysis
Statistical analysis of the data included the paired Stu dent t test, analysis of variance (ANOVA), and regression analysis. Table 1 shows the changes in blood glucose, lac tate, and ketone bodies that occurred during the first 24 h of recovery from 3 h of cerebral hypoxia ischemia in the immature rat. Control values were obtained from nonfasted littermates that were sac rificed at the same time as those recovering 1 h after hypoxia-ischemia. Both glucose and the ketone bodies, acetoacetate and �-hydroxybutyrate, were increased at 1 h of recovery compared to control littermates, with decreases to baseline levels by 4 h of recovery and thereafter (see also Table 2 ). Blood lactate also was higher than the control only at 1 h of recovery, reflecting partial normalization of a lactacidemia that occurs during the hypoxic ischemic phase (Welsh et aI., 1982) . Table 2 depicts data obtained from experiments in which the brains of 7 -day postnatal rats were quick-frozen 90 min after an injection of 2-DG. These brains were subjected to those chromato graphic procedures necessary to ascertain the ex tent to which 2-DG in brain was phosphorylated to 2-DG-6-P as described under Materials and Meth ods. As shown in Table 2 , under physiologic con ditions (control animals), 63-65% of the metabolite retained by brain during isotopic circulation under went metabyllic conversion to 2-DG-6-P; 35-37% re mained as nonphosphorylated 2-DG. Incorporating this constant into the numerator of the Sokoloff equation (see Materials and Methods) and using an LC of 0.55, the CMRgl for both cerebral hemi- Tota114C (dpm x 104/g) I 40.6 ± 10.3 C 40.1 ± 9.0 2-DG (dpm x 104/g) I 14.6 ± 3.5 C 13.9 ± 3.2 2-DG-6-P (dpm x 104/g) I 25.9 ± 7.4 C 26.2 ± 6.5
RESULTS

Blood metabolite concentrations
2-DG-6-P/total 1 4C (%)
8.12 ± 1.42 6.47 ± 0.59a 2.33 ± O.72d 2.50 ± 0.51a 3.38 ± 0.59b 2.81 ± 0.43a 0.29 ± 0.06d 0.39 ± 0.06a 0.43 ± 0.06b 0.43 ± 0.04b
41.7 ± 4.8d 40.8 ± 8.8c 24.9 ± 7.0b 31.9 ± 4.8a
16.8 ± 5.0 10.0 ± 2.4a 17.6 ± 5.9
11.0 ± 2.6
24.7 ± 7.2d 30.7 ± 8.0c 9.6 ± 5.2b 20. Yalues represent means ± SD for the numbers of animals in parentheses. ap < 0.05 and bp < 0.001 compared to control (ANOYA); cp < 0.05 and dp < 0.001 compared to contralateral cerebral hemisphere at the same interval (paired t test). I, ipsilateral; C, contralateral.
spheres in control 7-day rat brain was calculated (Fig. 1) .
Other rat pups underwent 3 h of cerebral hypox ia-ischemia; 1, 4, and 24 h afterward their brains were analyzed for measurement of hemispheric CMRgl. Glucose concentrations in both cerebral hemispheres increased above the control value at all analyzed intervals, especially in the contralat eral hemisphere at 1 h and in the ipsilateral hemi sphere at 24 h ( mia at 1 h of recovery, brain/plasma glucose ra tios reflected the increased brain glucose concen trations. Nonphosphorylated 2-DG was unchan ged from control except for a 32% decrease in the ipsilateral hemisphere at 4 h of recovery. In the ipsilateral hemisphere, the percentage 2-DG that was phosphorylated to 2-DG-6-P was unchanged from control at 1 h of recovery, increased signifi cantly at 4 h, and decreased thereafter at 24 h of recovery. In the contralateral cerebral hemi sphere, a significant depression in the percentage of 2-DG phosphorylated was noted only at 1 h of recovery.
The CMRgl in control 7-day postnatal rats was similar to that previously reported for same-aged animals (Vannucci et al., 1989) and is -10% the rate published for adult rat brain (Sokoloff et aI., 1977; Fuglsang et aI., 1986) (Fig. 1) . At 1 h of recovery, glucose consumption was 97% of the control rate in the ipsilateral cerebral hemisphere but only 48% of the control in the contralateral hemisphere from hypoxia-ischemia. At 4 h of recovery, the CMRgl was actually increased by 49% in the ipsilateral hemisphere, decreasing thereafter to 84% of the control value at 24 h. In the contralateral cerebral hemisphere, the observed low rate at 1 h of recov ery reverted to normal by 4 h, increasing thereafter to a value significantly higher than the control rate at 24 h.
Brain metabolites and CMR g 1
The relationship between any change in specific glycolytic intermediates or high-energy phosphate compounds and the CMRgl in ipsilateral cerebral hemisphere was determined in the same animal. No correlation existed between the concentrations of either glucose or lactate and the CMRgl at 1, 4, or 24 h of recovery, when these intervals were analyzed either separately or in combination (data not shown); Such was also the case for ATP and PCr at 1 h of recovery, whereas an inverse correlation be tween A TP or PCr and CMRgl was apparent at 4 h of recovery (p < 0.05) and, especially, when the two intervals were combined (Fig. 2) .
In the contralateral cerebral hemisphere, an in verse correlation existed only between glucose con centration and CMRgl when the 1-and 4-h recovery intervals were combined (Fig. 3) . Such a relation ship was not apparent when the intervals were an alyzed separately.
CMR glucose I-Lmol100 g-1 min-1 ) CMR glucose fLmol 100 9-1 min-1)
Regression analysis of glucose concentration in re lation to the CMRg1 in the contralateral cerebral hemisphere. Symbols represent individual values for 11 immature rats re covered for 1 h and 6 rat pups recovered for 4 h from hyp oxia-ischemia. Linear regression analysis for glucose versus CMRg1: r = 0.59; P = 0.01.
CEU
CEU was calculated for each cerebral hemi sphere from the changes in the concentrations of glucose, lactate, ATP, and PCr following decapita tion (Fig. 4) . A wide variation in individual rates of energy use was noted in both cerebral hemispheres at 1 h of recovery, but only 3 of 12 values were increased over the control rate. In the ipsilateral hemisphere, the mean rate was significantly below the control rate (p < 0.05). Mean rates were nearly identical in the two hemispheres at 4 h and were each 77% of their respective control values (p > 0.05). At 24 h, CEU in the contralateral hemisphere had returned to baseline, while that in the ipsilateral hemisphere had decreased to 54% of the control (p < 0.001) . 
DISCUSSION
The data derived from the present experiments are best interpreted in relation to the occurrence, time course, and extent of tissue injury in our im mature rat model of hypoxic-ischemic brain change. Selective neuronal necrosis of the cerebral hemisphere ipsilateral to the carotid artery occlu sion occurs in 92% of rat pups exposed to 3 h of systemic hypoxia, with 52% of brains exhibiting in farction (Rice et aI., 1981; Mujsce et aI., 1990b; Towfighi et aI., 1991) . Histologic evidence of tissue injury is apparent even at 15 h of recovery, with evolution to either cerebral atrophy or cystic degen eration thereafter (Towfighi et aI., 1991) . Damage is focused predominantly in the posterior region of the immature brain in the distribution of the middle ce rebral artery, and it was from this area that samples of tissue were obtained in the present study. The contralateral cerebral hemisphere is rarely dam aged, and when injury does occur, it is limited to the mediofrontal region within the anterior cerebral ar tery territory. That the ipsilateral cerebral hemi sphere is ischemic has been confirmed by measure ments of cerebral blood flow, in which blood flows to the vulnerable structures are reduced to 15-35% of the control during the course of the systemic hyp oxia; blood flows to the contralateral cerebral hemi sphere remain within the normal range (Vannucci et aI., 1988; Ringel et al., 1991) .
A rational interpretation of the findings of the present investigation requires an initial discussion of the changes in CMRgl in the contralateral cere bral hemisphere occurring during recovery from hypoxia-ischemia. The results in the contralateral hemisphere indicate an immediate suppression of CMRg1, which is completely reversed by 4 h of re covery. The initial decline in CMRgl during reoxy genation occurs coincident with elevations in key glycolytic and tricarboxylic acid (TCA) cycle inter mediates, including pyruvate and a-ketoglutarate (Yager et aI., 1991) . Tissue glucose, previously de pleted during hypoxia, increases above control and is disproportionate to the transient hyperglycemia, such that the brain/plasma glucose ratio is in creased. Taken together with declining levels of the previously high lactate produced during hypoxia (Welsh et aI., 1982; Yager et aI., 1991) , the data indicate an inhibition of glycolytic flux proximal to the formation of pyruvate, with lactate serving as the principal substrate for the TCA cycle (Vannucci et aI., 1980) . Increased ketone body utilization by brain, commensurate with elevated concentrations of l3-hydroxybutyrate and acetoacetate at 1 h of re covery (see Table 1 ) also might have contributed to the glucose sparing effect. The inhibition of glyco lytic flux is completely reversed by 4 h of recovery, at which interval lactate, pyruvate, and a-ketoglut arate have reverted to normal (Palmer et al., 1990a; Yager et al., 1991) .
The early post-hypoxic-ischemic suppression of CMRgl in the contralateral cerebral hemisphere contrasts with the apparent stimulation of glycolytic flux in the ipsilateral hemisphere, especially at 4 h of recovery. The enhanced glycolytic flux occurs concurrent with a replenishment of key glycolytic and TCA intermediates, including glucose, pyru vate, and a-ketoglutarate, previously depleted by hypoxia-ischemia but with an incomplete restora tion of high-energy phosphate reserves (Palmer et aI., 1990a; Yager et aI., 1992) . The persistently low PCr and reduced ATP/ADP ratio combined with a normal to mildly alkaline tissue pH (Yager et aI., 1991) would serve to stimulate-or at least disin hibit-the rate-limiting enzyme, phosphofructoki nase Krzanowski and Matschinsky, 1969) . The relationship between altered energy stores and enhanced glycolysis is readily apparent in the inverse correlation between ATP or PCr and CMRg, during early recovery (see Fig. 2) ; specifically, the lower the ATP or PCr, the greater the glycolytic flux. That glycolytic flux is stimulated in response to a lingering tissue en ergy debt also explains the lack of correlation be tween tissue glucose or lactate concentrations and CMRg!.
The question remains whether enhanced glycoly sis, as reflected by increased CMRgl at 4 h of re covery, is aerobic or anaerobic in nature .. The mildly elevated tissue concentrations of lactate (Palmer et aI., 1990a; Yager et aI., 1991) , in the absence of lactacidemia (see Table 1 ), suggest anaerobic glycolysis, while the lack of a direct cor relation between tissue lactate and CMRgl in any individual brain suggests aerobic glycolysis. Proba bly both conditions coexist, such that either most or all affected cells exhibit partial anaerobic metabo lism or some cells are entirely anaerobic while oth ers are entirely aerobic (metabolic heterogeneity) (Chance et aI., 1987) . We have demonstrated pre viously that upon recovery from hypoxia-ischemia, the oxidation-reduction (redox) state of the cyto plasmic compartment in immature rat brain remains persistently reduced (low NAD + /NADH ratio), while the redox state of the mitochondria is normal ized by 1 h of recovery . The findings suggest that tissue that is permanently damaged by prior hypoxia-ischemia can be well ox idized but that (a) the transfer of reducing equiva lents (NADH) from the cytosol across the mito-chondrial membrane is inhibited or paralyzed (Siesjo, 1981) or (b) reducing equivalents generated within mitochondria are consumed but with inade quate production of energy equivalents (ATP), i.e., an "uncoupling of oxidative phosphorylation." Support for these conclusions stems from the mor phologic investigations by Brown and Brierley (1973; Brown, 1977) , who demonstrated that the earliest histologic alteration of neurons which oc curs following hypoxia-ischemia is a disruption of mitochondrial integrity.
By 24 h of recovery from hypoxia-ischemia, tis sue injury to the ipsilateral cerebral hemisphere is well advanced (Rice et aI., 1981; Mujsce et aI., 1990b; Palmer et aI., 1990b) . Accordingly, tissue samples used to measure CMRg1, of necessity, in clude populations of dead neurons and glia as well as astrocytic and microglial reactive elements (Rice et aI., 198 1) . Thus, a meaningful interpretation of an unchanged CMRgl (i.e., from control) in such a pop ulation is difficult. Clearly, the rate is substantially lower than that in the contralateral, undamaged ce rebral hemisphere. However, without knowledge of the extent of tissue injury in any individual brain, it is impossible to ascertain whether CMRg1, and hence glycolytic flux, is stimulated, normal, or sup pressed. Whatever the situation, it is likely that gly colysis is entirely aerobic, given the normal tissue lactate concentrations at this interval of recovery (Palmer et aI., 1990a) .
As in the contralateral hemisphere, the increases in tissue glucose and brainlblood glucose ratios in the ipsilateral cerebral hemisphere at 4 and 24 h of recovery appear paradoxical. Under physiologic conditions in both immature and adult rat brain, changes in the tissue concentrations of glucose par allel those in blood, such that the brainlblood glu cose ratio is �0.25 (Siesjo, 1978 ) (see Table 2 ). With activation of glycolysis, the ratio either remains constant or decreases (Welsh et aI., 1982; Vannucci et aI., 1989) . Thus, the present finding of an in creased tissue glucose and brainlblood glucose ratio combined with either normal or stimulated glycoly sis suggests an alteration in the kinetics of blood brain barrier transport for glucose. In this regard, it is noteworthy that levels of the glucose transporter protein of the blood-brain barrier, GLUTl, are in creased by 50% in the ipsilateral hemisphere at 24 h of recovery (Vannucci et aI., 1992) .
The CMRgl has been determined following focal and global cerebral ischemia in adult animals (Dimer and Siemkowisz, 1980; Pulsinelli et aI., 1982; Choki et aI., 1983; Tanaka et aI., 1985a, b) . All but one of these studies used 2-DG autoradiog raphy to ascertain regional alterations in postischemic CMRgl. However, autoradiography precludes the ability to compensate for alterations in the 2-DG rate constants and LC or in the amount of nonphos phorylated 2-DG in the brain. Accordingly, any ap parent activation of CMRgl occurring postischemia may have been spurious if a concurrent increase in the free glucose (and 2-DG) pool occurred. Using tissue sampling and column chromatography to sep arate free 2-DG from phosphorylated 2-DG, Tanaka et al. (1985b) found regions of either increased or decreased CMRgl in adult cat brain following 4 h of recirculation after 1 h of occlusion of one middle cerebral artery. A high CMRgl occurred in those regions with only minor alterations in lactate, PCr, and ATP, while depressed CMRgl occurred in re gions with persistently increased lactate levels (> 10 mmollkg) and depleted energy stores. These find ings in adult cat brain contrast with those presented here for the immature rat, in which activation of CMRgl at 4 h of recovery from unilateral hypoxia ischemia was associated with a major disruption of cerebral energy reserves, with little or no relation ship to tissue lactate concentrations (see Fig. 1 ). The maturational and species difference in the met abolic response to prior hypoxia-ischemia is not en tirely clear but most likely relates to the substantial residual tissue lactacidosis that occurs in the adult brain, which, in tum, would inhibit glycolytic flux and hence glucose consumption (Tanaka et aI., 1985b) . In the immature brain, lactate readily passes through the blood-brain barrier (Vannucci et aI., 1980; Vannucci and Yager, 1992) , be it into brain during hypoxia-ischemia or out of brain dur ing the recovery period (Welsh et al., 1982; Palmer et aI., 1990a; Yager et al., 1991) . Therefore, tissue pH is normalized even by 1 h of recovery in the ipsilateral cerebral hemisphere despite impending brain damage (Yager et aI., 1991) , precluding an inhibition of glucose utilization (see above).
The results of the present investigation also can be interpreted in terms of the relationship between energy supply, represented by the CMRg1, and en ergy demand, represented by CEU. The interrela tionship between glucose consumption and the overall energy balance of the brain can be deter mined from CMRg1 and CEU in same-aged animals. For control 7-day postnatal rat brain, the energy use rate is 3.61 mmol �P/kg/min (average of left and right cerebral hemispheres; Fig. 4 ). For every mole of glucose consumed aerobically to carbon dioxide and water, 26 equivalents of � P are generated via the glycolytic pathway and oxidative phosphoryla tion, assuming an ADP/O ratio of 2 for immature rat brain (Milstein et aI., 1968; Holtzmann and Moore, 1973) . A CMRg1 of 8.7 I-Lmol 100 gl min-1 (see Fig. 1 ) generates 8.7 x 26 = 226 j.Lmol/�P/100 g/min or 2.26 mmol � P/kg/min. Therefore, under totally aerobic conditions, glucose oxidation accounts for 2.26/3.61 = 63% of the energy requirement for 7-day old rat brain. The remaining energy equiva lents presumably are generated via the consumption of alternate organic substrates, notably ketone bod ies (Hawkins et aI., 1971; Moore et aI., 1976; Miller et aI., 1982) . Any shift in consumption from one substrate to another, as occurs in fasted animals, would not alter oxygen consumption as long as the rate of CEU did not change. As shown in Fig. 5 , during recovery the substrate supply, represented by CMRg1, was transiently en hanced, while CEU was persistently depressed dur ing recovery in the cerebral hemisphere (ipsilateral) previously undergoing hypoxia-ischemia and des tined for damage. At 1 and 4 h of recovery, the CMRgl was unchanged from and significantly in creased above the control, respectively, at which times the high-energy phosphate reserves are at least partially depleted (Palmer et aI., 1990a; Yager et aI., 1992) , and CEU was approaching the control value. However, as the energy stores deteriorate further (Yager et aI., 1992) and tissue injury be comes apparent histologically (Rice et aI., 1981) , the rate of energy utilization declined substantially, coincident with a secondary depression in CMRgl. The difference between the rate of glucose con sumption and the rate of energy utilization-hence the synthetic capacity-during early recovery im plies the occurrence of an uncoupling of oxidative phosphorylation as tissue injury evolves.
Alternative explanations for the discrepancy be tween CMRgl and CEU, especially at 4 h of recov ery, seem far less plausible. First, increased glucose
,. consumption relative to CEU might reflect continu ing anaerobic glycolysis initiated during the hypox ic-ischemic insult. However, persistent elevations in tissue lactate concentration during recovery were modest (see Table 1 ), and there was no direct rela tionship between the CMRgl and lactate levels. Sec ond, glucose was not converted to glycogen via glu cose-6-P, since tissue concentrations of glycogen were not increased following hypoxia-ischemia. 1
Third, increased utilization of ketone bodies (� hydroxybutyrate and acetoacetate) would have spared glucose consumption rather than caused the relative and absolute increases in CMRgl seen at 1 and 4 h of recovery, respectively. Increased utiliza tion of ketone bodies as well as lactate presumably accounted for the reduced CMRgl in the contralat eral cerebral hemisphere at 1 h of recovery (see above).
The marked suppression in CEU in the ipsilateral cerebral hemisphere at 24 h of recovery from hyp oxia-ischemia undoubtedly reflects underlying tis sue injury which, by this interval, is well advanced (Rice et aI., 1981; Mujsce et aI., 1990b; Palmer et aI., 1990b) . Indeed, the decreases in CEU (range, 9-81 % of control) probably parallel the extent of neuronal necrosis for any individual brain. The cor relation is reasonable because at 24 h of recovery, there is (a) a direct relationship between perturbed CEU and tissue concentrations of ATP; (b) an in verse relationship between ATP and the tissue wa ter content, a reflection of cerebral edema (Palmer et aI., 1990a) ; and (c) a close association between the extent of cerebral edema and the severity of ischemic tissue necrosis (Vannucci et aI., 1993) .
As in the immature brain, CEU rates substan tially lower than normal have been observed 20-24 h following cerebral hypoxia-ischemia in the adult brain (Levy and Duffy, 1977; Mrsulja et aI., 1977) . Unlike the situation in the immature rat, increased CEU occurs between 1 and 4 h of recirculation in adult gerbils, in which one cerebral hemisphere has been rendered ischemic by unilateral common ca rotid artery ligation. The cause of the early post ischemic stimulation of CEU in adult rodent brain is not entirely clear, but seizures undoubtedly play a role (Levy and Duffy, 1977) . Gerbils are seizure prone when their brains are injured by ischemia I Glycogen concentrations, measured by the method of LeBaron (1955) , averaged 0.97 ± 0.32 mmol/kg in the ipsilateral cerebral hemisphere of six immature rats at 24 h of recovery from hypoxia-ischemia, not significantly different from the mean control value of 0.91 ± 0.35 mmol/kg in five rats. In contrast, glycogen concentrations in the contralateral hemisphere aver aged 1. 73 ± 0.53 mmol/kg (p < 0.00 1 compared to control). (Levy et aI., 1975; Levy and Duffy, 1977) , and con vulsive activity is known to increase cerebral en ergy demands (King et aI., 1967; Duffy et aI., 1975a; Meldrum and Nilsson, 1976) . Seizures are never seen during the recovery period in our immature rat model of hypoxic-ischemic brain damage, although epileptiform activity has been recorded on the elec troencephalogram for up to 3 days (Chen et aI., 1986) .
In summary, we have combined the results of two methods to measure distinct aspects of cerebral ox idative metabolism in the immature rat to ascertain mechanisms of brain damage produced by hypoxia ischemia. An ideal approach would have been the measurement of CMRo2 rather than or in addition to CMRg1, but present-day techniques to determine CMRo2 preclude their use in the small laboratory animal. We believe that the combined measure ments of CMRgl and CEU provide an indirect but valid assessment of those oxidative events in brain that precede and then parallel the histologic alter ations that culminate in permanent tissue injury. Further experiments are in progress to characterize the early morphologic and biochemical abnormali ties of mitochondria arising from perinatal cerebral hypoxia-ischemia.
